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Introduction

Diaphragmatic defects in children with congenital diaphragmatic 
hernia are closed by primary repair in the case of smaller defects, 
but a patch is needed for repair in larger defects. Patch materi-
als commonly applied include polytetrafluoroethylene (PTFE)1 
and small intestinal submucosa (SIS), derived from decellu-
larised porcine submucosa.2 Both types of materials have been 
found successful in some studies,3-5 but showed high recurrence 
rates in others.2,6,7 A recent meta-analysis reported no differences 
between PTFE and SIS, both materials having a recurrence rate 
of over 30%.7 In case of PTFE patches this may be due to the 
lack of growth of the material with the child8 and limited cellu-
lar infiltration.9 With regard to cellular ingrowth the diaphragm 

A regenerative medicine approach to restore the morphology and function of the diaphragm in congenital diaphragmatic 
hernia is especially challenging because of the position and flat nature of this organ, allowing cell ingrowth primarily 
from the perimeter. Use of porous collagen scaffolds for the closure of surgically created diaphragmatic defects in 
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stimulate this process, heparin, a glycosaminoglycan involved in growth factor binding, was covalently bound to porous 
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showed macroscopically visible blood vessels at the lung site. The addition of heparin led to an accelerated ingrowth of 
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optimization with respect to dosage and release profile is needed.
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may be especially challenging. Due to its flat nature, cellular 
migration from the periphery of diaphragm into the central 
part of the scaffolds will primarily occur from the side, limiting 
the surface over which ingrowth can occur. For SIS, a degrad-
able biological material that may be substituted by the patient’s 
own tissue and thus has the ability to grow with the child, it has 
been suggested that additional perforation of the material may 
enhance vascularization.2 Moreover, it has been suggested that 
SIS is degraded too fast as the manufacturer indicated resorp-
tion of the material in 2 weeks.7 In a previous study,10 we have 
therefore used porous type I collagen bioscaffolds, strengthened 
by crosslinking, to close surgically created diaphragmatic defects 
in rats. Scaffold degradation and deposition of new collagen and 
of mesothelium were observed, and reherniations did not occur. 
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12 weeks stitch marks from these sutures were sometimes still 
visible.

At two weeks, Col-X and Col-Hep scaffolds were comparable 
in their macroscopical appearance, with a distinctly demarcated 
boundary between scaffold and diaphragm. This boundary was 
less clear for scaffolds with growth factors where a more faded 
border between scaffold and diaphragm was present. On the lung 
side of 2 out of 4 of the Col-Hep-V and Col-Hep-VH scaffolds, 
blood vessels were visible macroscopically on the outer edges of 
the scaffolds; this was not observed for any of the other scaffolds 
at two weeks after implantation.

At 12 weeks, scaffolds remained whitish. Blood vessels were 
observed on the outer edges of the lung sides for some Col-
Hep-V, Col-Hep-H and Col-Hep-VH scaffolds (Fig. 3), but not 
for Col-X and Col-Hep scaffolds. Adhesions between the scaffold 
and the liver were present in all animals; adherence to the lungs 
was never observed.

Microscopic examination. A systematic survey using five dif-
ferent types of scaffolds allowed us to evaluate the contribution 
of the different components. Cellular response to the scaffold was 
scored (summarized in Table 1). A number of cell types were 
scored including mast cells, phagocytes (macrophages and giant 
cells) and immune cells (lymphocytes, plasma cells and polymor-
phonuclear leucocytes). Cellular response varied between the ani-
mals in each group. The most important findings are described 
below. Results for CD68, desmin and α smooth muscle actin 
staining are not shown, as no differences between the different 
groups could be observed.

Two weeks after implantation. At two weeks after implanta-
tion, blood vessels were predominantly present at the liver side 
of the scaffold and at the border between scaffold and original 
diaphragm in all scaffolds. At these places in the scaffolds, also 
most cells were present. Col-Hep scaffolds showed the largest 
amount of blood vessels, significant against Col-Hep-V and Col-
Hep-VH (p < 0.05) (Fig. 4). No statistical significant differences 
between the other scaffold types were observed. Blood vessels 
were functional since erythrocytes were observed inside the ves-
sel lumina. With respect to the effect of the scaffolds on muscle 
tissue, the growth of muscle on top of the scaffold was most often 
observed be it to a limited extent. Some ingrowth, however, was 
also observed. No clear differences between scaffold types were 
observed.

Blood vessels were present at the outer borders of the scaffold, 
but were modest in number in the center of the scaffold. Muscle 
fibers and cells had infiltrated into the scaffold in some cases; 
however, muscle mostly grew over instead of into the scaffold, 
and only for a limited distance.

In this study, we aimed to stimulate muscle cell and blood ves-
sel ingrowth by the addition of bioactive factors to the scaffold. 
Scaffolds were crosslinked in the presence of heparin, a polysac-
charide capable of sequestering growth factors. Growth factors 
reported to stimulate muscle cells and/or blood vessels viz. hepa-
tocyte growth factor (HGF) and vascular endothelial growth fac-
tor (VEGF), both heparin binding proteins,11-14 were attached to 
the scaffold before implantation. Scaffolds were biochemically 
and morphologically characterized and implanted into a surgi-
cally created diaphragmatic hernia in rats to study degradation, 
cellular infiltration and tissue regeneration.

Results

Scaffold characteristics. Scaffolds showed a high porosity at 
cross sections, and a somewhat more closed surface on pan and 
especially air sides, as observed with scanning electron micros-
copy (SEM) (Fig. 1). Crosslinking efficiency was 36% ± 3% 
(mean ± standard error of the mean) for Col-X scaffolds and 46% 
± 8% for Col-Hep scaffolds. Per mg Col-Hep scaffold, 139 ± 
11 μg heparin (mean ± standard error of the mean) was bound; 
histology showed that heparin was localized mostly at the outer 
borders of the scaffold (Fig. 2). The amount of growth factor 
bound to the scaffolds was 0.2 and 0.4 μg VEGF/mg scaffold, 
for Col-Hep-VH and Col-Hep-V scaffolds, respectively, and  
0.5 μg HGF/mg scaffold for both Col-Hep-VH and Col-Hep-H 
scaffolds (Fig. 2). Growth factors were mostly localized at the 
outer borders of the scaffolds, as was heparin (Fig. 2).

General appearance and macroscopic evaluation. Survival 
of the rats was 100%. Rats recovered well after surgery, wound 
healing was normal and no further pain medication was admin-
istered beyond two days after surgery. Rats were sacrificed at 2 
or 12 weeks after the operation. Scaffolds did not show any signs 
of mechanical weakness, nor were diaphragmatic eventrations or 
herniations observed. Scaffolds were easily recognized by their 
whitish appearance and the non-absorbable sutures were also vis-
ible. The absorbable sutures were well visible at week 2 and after 

Figure 1. Morphology of porous collagen scaffolds crosslinked with heparin (Col-Hep) (scanning electron microscopical images). Air-side and pan-side 
represent the side exposed to the air or to the mold while producing the scaffold, respectively. Bar represents 200 μm.
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newly deposited collagen was occasionally seen at the lung side 
of the scaffold, somewhat thicker than at 2 weeks after implanta-
tion. Mast cells remained present, mainly at the lung side of the 
scaffold.

Discussion

New biological materials to be used in closure of diaphragmatic 
defects are currently investigated. The use of porous collagen 
scaffolds has previously been shown feasible in a rat model for 
diaphragmatic hernia,10 but muscle cell and blood vessel ingrowth 
were limited. Therefore, collagen scaffolds with heparin, HGF 
and VEGF were produced. Heparin is able to sequester a large 
number of angiogenic factors, and when attached to collagen 
it may lead to an increase of endothelial cell proliferation.15 In 
this study, heparin was covalently attached to collagen scaffolds 
using EDC/NHS crosslinking, and, although located primarily 
at the outside of the scaffolds, at 2 weeks after implantation in 
rat diaphragm significant differences were found for the amount 
of blood vessels in Col-Hep compared with two other scaffold 
types, which is indicative that heparin induced blood vessel for-
mation. Blood vessels were generally functional as red blood cells 
were observed in the lumens. The presence of blood vessels might 
render hypoxia in the scaffold less likely, thereby stimulating cell 
survival and tissue replacement.

Other stimulatory molecules added to the scaffolds in this 
study were VEGF and HGF. VEGF is a regulator of angiogene-
sis,16 and an increase in angiogenic potential of collagen-heparin 
scaffolds by addition of VEGF,15 has been observed. VEGF and 
FGF2 attached to Col-Hep scaffolds increased the amount and 
the maturity of blood vessels.17 VEGF stimulates endothelial 
cells by binding to VEGFR-2, heparin/heparan sulfate being 
a co-receptor, and induces matrix metalloproteinase (MMP) 

Cells penetrated into the scaffold only to a limited extent 
and sparse cells were present in the centers of the scaffolds for 
all scaffold types. No major differences between scaffold types 
were observed. At the liver side of the scaffolds, a layer of newly 
deposited collagen was present, as well as immune cells, phago-
cytes and giant cells. The extent of immune cell influx and the 
amount of phagocytes was similar between the different scaffold 
types. At the lung side of the scaffolds, a layer of newly deposited 
collagen could be observed occasionally. In total, the amount of 
phagocytes and immune cells (in the entire scaffold) was compa-
rable for the different scaffold types.

Twelve weeks after implantation. At 12 weeks after implanta-
tion, the amount of blood vessels was comparable to that of week 
2 (Fig. 4), be it that the blood vessels were distributed somewhat 
more into the scaffold centers in part of the scaffolds. The differ-
ences in the amount of blood vessels between Col-Hep scaffolds 
and Col-Hep-V and Col-Hep-VH at week 2 were not present 
at 12 weeks after implantation, indicating an accelerated angio-
genesis at an early point in time for the Col-Hep scaffolds. As at 
2 weeks after implantation, overgrowth of muscle was typically 
observed, with some ingrowth.

Scaffold centers still remained relatively free of cells although 
blood vessels had infiltrated somewhat further into the scaf-
folds. The amount of cells in the center was similar to those at 
week 2 for all scaffolds. Generally, immune cells and phagocytes 
decreased in number from week 2 to week 12 after implanta-
tion (although not always statistically significant), immune cells 
were observed mostly at the liver side of the scaffold as well as 
the border between scaffold and original diaphragm. Phagocytes 
were located primarily at the liver side, whereas giant cells were 
mostly observed at the border between scaffold and original dia-
phragm. At the lung side immune cells and individual macro-
phages were observed. As at 2 weeks after implantation, a layer of 

Figure 2. Immunolocalization of heparin and growth factors, and quantification of growth factors. (A) Heparin and growth factors were primarily 
located at the outer sites of the scaffolds, as evidenced by toluidin blue (heparin) and immunofluorescent staining (VEGF, HGF) of a Col-Hep scaffold 
and a Col-Hep-VH scaffold. Bars represent 200 μm. (B) Western blot for VEGF bound to Col-Hep-V and Col-Hep-VH scaffolds, and table indicating the 
amount of growth factors bound to scaffolds. Values depicted as mean of three experiments ± standard deviation. N/A, not applicable; Hep, heparin; 
V, VEGF; H, HGF.
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of heparin to the scaffold suspension before the freezing/lyophi-
lization procedure.

In conclusion, the formation of blood vessels in collagen scaf-
folds for repair of diaphragmatic hernia was accelerated by the 
addition of heparin. The addition of growth factors did not lead 
to significant differences inside the scaffolds, possibly due to sub-
optimal release profiles and dose in combination with the model 
used. Additional research to controlled release of growth factors 
is needed.

Materials and Methods

This study was approved by the Ethical Committee on Animal 
research of the Radboud University Nijmegen Medical Centre 
under protocol number 2009–155.

Preparation of collagen bioscaffolds. Bioscaffolds were pre-
pared using type I collagen fibrils derived from bovine Achilles’ 
tendon,26 as previously described.27,28 A 0.8% (w/v) suspension 
of insoluble type I collagen in 0.25 M acetic acid was prepared. 
The suspension was then poured into 12-wells plates (1.6 ml/
well), frozen for at least 4 h at −20°C and lyophilized in a Zirbus 
lyophiliser. Resulting porous scaffolds were chemically cross-
linked using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC) and N-hydroxysuccinimide (NHS). For this, collagen 
scaffolds were incubated for 30 min in 50 mM 2-morpholinoeth-
anesulphonic acid (MES) (pH 5.0) containing 40% (v/v) ethanol 
and crosslinked by immersion for 4 h at room temperature in  
4 ml 33 mM EDC, 6 mM NHS in 50 mM MES (pH 5.0) 
containing 40% ethanol, in the presence or absence of 0.25% 
heparin (Diosynth, 41050.2). The scaffolds were then washed in  
0.1 M Na

2
HPO

4
, 1 M NaCl, 2 M NaCl and demineralized water, 

and stored in 70% ethanol at −20°C.
Before implantation, the scaffolds were disinfected in 70% 

ethanol for a total duration of 22 h (5 × 2.8 ml per well) and 
washed with sterile phosphate buffered saline (PBS) (9 × 2.8 ml 
per well), for a total duration of 22 h also.

The growth factors vascular endothelial growth factor (recom-
binant rat VEGF 164, produced in our laboratory29) and hepa-
tocyte growth factor (recombinant mouse HGF, R&D Systems, 
2207-HG/CF) were loaded onto the heparin containing colla-
gen scaffolds. For scaffolds containing one growth factor, scaf-
folds were incubated overnight in 2 ml PBS containing 10 μg/ml 
VEGF or 10 μg/ml HGF. Scaffolds containing both VEGF and 
HGF were first incubated for 1 h in a PBS solution containing 
VEGF, after which HGF was added for an overnight incubation. 
The end concentration of both growth factors was 5 μg/ml. All 
scaffolds were washed for 3 times 15 min with 2 ml PBS before 
implantation.

The following abbreviations for scaffolds were used: Col-X: 
crosslinked collagen scaffold, Col-Hep: crosslinked scaffolds 
with heparin, Col-Hep-V: crosslinked scaffolds with heparin 
and VEGF, Col-Hep-H: crosslinked scaffolds with heparin and 
HGF, and Col-Hep-VH: crosslinked scaffolds with heparin, 
VEGF+HGF.

Analysis of collagen scaffolds. Morphology of the scaffolds 
was visualized by SEM. Wet scaffolds were dehydrated to 100% 

production, proliferation and migration.17 Moreover, VEGF 
attracts macrophages, which in turn produce VEGF as well 
as MMPs that release additional VEGF from the surrounding 
tissue.18,19 HGF is also an angiogenic agent, and the combina-
tion with VEGF is potent,20 as HGF enhances VEGF-induced 
angiogenesis both in vitro and in vivo.13,21 Combined treatment 
with HGF and VEGF could therefore be superior to treatment 
with either one factor by enhancing angiogenesis while avoid-
ing inflammation.14 Besides stimulating angiogenesis, HGF is 
known for its stimulation of skeletal muscle cell/satellite cell 
activation, proliferation and differentiation.11,12,22 Although we 
observed in this study blood vessels at the lung side of growth 
factor loaded scaffolds, we did not observe statistically signifi-
cant cellular effects of VEGF and/or HGF inside the scaffolds. 
In another study on diaphragm repair, VEGF-loaded porous 
silica gel (with or without myoblasts) on acellular diaphrag-
matic matrix led to increased vascularity but also increased 
inflammatory response, contraction and fibrotic tissue. The 
authors argued that this could be due to an abnormal angiogenic 
response following a high local growth factor concentration.23 
Growth factor amounts were lower in their experiment, as they 
loaded 200 ng VEGF/implant compared with 0.2/0.4 μg/mg 
scaffold in our study (we on average used scaffolds of 8 mg). 
However, release may differ between silica gels and the heparin-
bound growth factors in our study.

The limited response to the growth factors on our scaffolds 
may have been caused by the organ system studied, as ingrowth 
of cells in this diaphragm model was primarily possible from 
the sides of the scaffold, limiting the surface area available for 
ingrowth. Thus the contact area may have been considerable 
less in comparison to e.g., subcutaneously implanted scaffolds, 
where response to growth factors has been observed.17,24 An 
increased cellular reaction may be necessary to trigger angio-
genesis.25 Moreover, heparin and growth factors were located 
primarily at the outside of the scaffolds, and this may have lim-
ited cellular ingrowth into the central area. An improved scaf-
fold design, in which heparin and growth factors are distributed 
throughout the scaffolds, may enhance the influx of cells into 
the scaffolds center. This may be accomplished e.g., by addition 

Figure 3. Macroscopical view of Col-Hep (A) and Col-Hep-H (B) scaf-
folds at 12 weeks after implantation. Arrows point at blood vessels 
at the lung side of Col-Hep-H scaffolds, which were not observed on 
Col-Hep scaffolds. Blue lines are non-absorbable sutures. Hep, heparin; 
H, HGF.
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ethanol and critical point dried using liquid CO
2
. Specimens 

were mounted on stubs, sputtered with an ultrathin layer of gold 
in a Polaron E5100 coating system (Quorum Technologies) and 
visualized with a JEOL JSM-6310 SEM apparatus (JEOL) oper-
ating at 15 kV.

The degree of crosslinking of the scaffolds was determined 
spectophotometrically by determining the amine group content 
using 2,4,6-trinitrobenzene sulphonic acid.30,31 Crosslinking 
efficiency was expressed as the number of amine groups used in 
crosslinking as a percentage of the total number of amine groups 
available. The heparin content of the scaffolds was determined 
applying a hexosamine assay using p-dimethylamino-benzalde-
hyde, taking heparin as a standard.32,33 The amount of growth 
factors bound to the scaffolds was determined with sodium 
dodecyl sulfate PAGE (SDS-PAGE) on 15% and 12% (w/v) gels, 
for VEGF and HGF, respectively, followed by western blotting 
with antibodies goat-anti-rat-VEGF (R&D Systems, AF-564), 
goat-anti-mouse HGF (R&D Systems, AF2207) and peroxidase 
conjugated rabbit-anti-goat IgG (H+L) (Pierce, 31402). Collagen 
scaffolds with heparin were incubated with growth factors and 
the amount of growth factor bound was quantified using a cali-
bration curve (0–100/0–200 ng of either VEGF or HGF), by 
incubation for 15 min in a boiling water bath in non-reducing 
sample buffer. The intensity of the bands on the blot was ana-
lyzed using Adobe Photoshop CS4 (Adobe) using inverted gray 
scale images to determine the amount of signal per band, and 
compared with the calibration curve.

The location of heparin on the scaffold was visualized using 
toluidin blue staining, and growth factors were visualized by 
immunofluorescence with anti-VEGF and anti-HGF antibodies, 
followed by Alexa-labeled secondary antibodies (see Table 2 for 
antibodies and dilutions).

Animals. 36 male Wistar (WU) rats (Harlan Laboratories) 
of 230–250 g were caged in pairs in a controlled environment; 
food and water were available ad libitum. Rats were divided into 

Table 1. Cells present in scaffolds at 2 and 12 weeks

Scaffold Time after 
implantation

Cells in scaffold 
center

Blood vesselsA Muscle 
ingrowth

Muscle 
overgrowth

Mast cells 
totala

Phagocytesb Immune 
cellsc

Col-X 2 weeks 1.0 ± 0.0 1.0 ± 0.0 0.5 ± 0.7 1.0 ± 1.4 1.5 ± 0.7 1.3 ± 0.4 1.3 ± 0.4

12 weeks 1.0 ± 0.0 1.0 ± 0.0 0.3 ± 0.4 0.0 ± 0.0 1.0 ± 0.0 0.8 ± 0.4 0.5 ± 0.0

Col-Hep 2 weeks 1.0 ± 0.0 1.9 ± 0.3B,C 0.0 ± 0.0 0.8 ± 1.0 1.6 ± 0.5 2.3 ± 0.3 2.1 ± 0.5

12 weeks 1.5 ± 0.7 1.6 ± 0.9 0.3 ± 0.3 0.5 ± 0.4 2.1 ± 0.9 1.4 ± 0.8 1.5 ± 0.7

Col-Hep-V 2 weeks 1.3 ± 0.3 1.0 ± 0.0B 0.0 ± 0.0 1.0 ± 0.7 1.0 ± 0.0 1.8 ± 0.3 1.9 ± 0.5

12 weeks 1.0 ± 0.4 1.7 ± 0.6 1.3 ± 0.8 1.7 ± 1.2 2.3 ± 1.0 0.8 ± 0.3 0.6 ± 0.3

Col-Hep-H 2 weeks 1.3 ± 0.3 1.6 ± 0.5 0.1 ± 0.3 0.9 ± 1.0 2.0 ± 1.2 1.8 ± 0.3 2.1 ± 0.6

12 weeks 1.1 ± 0.5 1.3 ± 0.5 0.3 ± 0.4 0.5 ± 0.7 1.8 ± 0.3 0.6 ± 0.3 0.9 ± 0.3

Col-Hep-VH 2 weeks 1.1 ± 0.3 1.1 ± 0.3C 0.0 ± 0.0 1.1 ± 0.9 1.5 ± 0.4 2.0 ± 0.6 1.5 ± 0.4

12 weeks 1.1 ± 0.3 1.3 ± 0.5 0.2 ± 0.3 0.6 ± 0.3 2.1 ± 0.9 0.9 ± 0.5 0.8 ± 0.5

Scoring for all parameters was performed on a scale from 0–3. aThe absolute numbers for mast cells are much lower than for phagocytes and immune 
cells. bPhagocytes include giant cells and macrophages. cImmune cells exclude mast cells and phagocytes. A2-week groups differed with statistical 
significance according to Independent Samples Kruskal Wallis-test (p < 0.05). Statistically significant differences between two sets of groups were 
assessed using Independent Samples Mann-Whitney U-test for non-parametric data and are indicated by equal symbols for both groups. B,Cp < 0.05. 
Parameters that differed with statistical significance between 2 and 12 weeks are shown underlined, as assessed using Independent Samples Mann-
Whitney U-test for non-parametric data. 

Table 2. Antibodies and dilutions

Antigen Antibody Dilution

Mouse-anti-CD68 MCA341R, AbD Serotec, Germany 1:500

Mouse-anti-Desmin Desmin 33, Biogenex, USA 1:200

Rabbit-anti-Laminin L9393, Sigma, USA 1:50

Mouse-anti-Alpha 
smooth muscle actin

Clone 1A4, Sigma, USA 1:30,000

Biotinylated donkey-
anti-rabbit IgG

711–065–152, Jackson 
ImmunoResearch, UK

1:200

Biotinylated horse-anti-
mouse IgG

Vectastain ABC Kit mouse IgG, 
CA, USA

1:200

Alexa 488-labeled don-
key-anti-goat IgG

A-11055, Molecular Probes, UK 1:200

groups of 2 or 4; follow-up after surgery was 2 or 12 weeks. Rats 
were implanted with different scaffolds: groups of 2 rats with 
Col-X and groups of 4 rats with Col-Hep, Col-Hep-V, Col-
Hep-H, or Col-Hep-VH.

Surgical procedure. Surgery was performed as described 
previously.10 In short, a right-sided diaphragmatic defect of 
approximately 12 mm in diameter was created, and a scaffold 
was implanted with an overlap of scaffold with respect to the dia-
phragm at the abdominal side. Four non-absorbable interrupted 
sutures (Prolene 6–0) and 2–5 absorbable interrupted sutures 
(Vicryl 5–0, Ethicon) were used around the perimeter of the 
scaffold to close the defect.

Explantation of the diaphragms. Rats were sacrificed at the 
designated time points after surgery (2 or 12 weeks) by exposure 
to carbogen followed by carbon dioxide asphyxiation. Scaffold 
implantation sites could be identified by the non-absorbable 
sutures used at implantation of the scaffolds, and by their whitish 
color. Tissue was resected approximately 2 mm from the edge of 
the implant. Liver that adhered to the implant was not removed, 
and therefore also fixed and embedded. Half the implant was 
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Paraffin sections were also used to stain for desmin, 
and α smooth muscle actin by the following protocol. 
Sections were deparaffinated and rehydrated, after 
which antigen retrieval was performed by microwave 
exposure for 10 min in 10 mM citrate buffer (pH 
6.0). Slides were allowed to cool down for at least  
90 min. Endogenous peroxidase was blocked by incu-
bation in 3% (v/v) hydrogen peroxide in PBS for  
30 min. Subsequently, blocking with 5% serum in 
PBS-1% (w/v) BSA (bovine serum albumin) was per-
formed, after which sections were incubated with the 
first antibody overnight at 4°C (see Table 2 for anti-
bodies and dilutions). Sections were then incubated 
with a biotinylated secondary antibody at 1:200 dilu-
tion, followed by the avidin-biotin-peroxidase complex 
(Vector Laboratories) and developed by incubation 
with 3,3'-diaminobenzidine (DAB), with hematoxy-
lin counterstaining. For negative controls, the primary 
antibody was omitted.

CD68 staining on paraffin sections was performed 
by deparaffination and rehydration, after which anti-
gen retrieval was performed by incubation in 10 mM 
citrate buffer (pH 6.0) at room temperature for 120 
min. Further staining was performed as described.

Laminin staining on paraffin sections was per-
formed by deparaffination, rehydration and subsequent 
incubation for 30 min in 0.1% (w/v) pronase in PBS at 
37°C. Endogenous peroxidase was blocked using 0.3% 
(v/v) hydrogen peroxide in PBS for 30 min; further 
staining was performed as described.

Scoring. Two observers evaluated the staining 
results (KB, WD). Where differences occurred, slides 
were re-evaluated by the two observers together and 
consensus was obtained. Scoring was performed using 
a scale from 0 (absent) to 3 (abundantly present).

Statistical analysis. Statistical significance was 
determined using Independent Samples Kruskal 
Wallis-test for comparisons between scaffolds, and 
differences between two sets of groups were assessed 
using Independent Samples Mann-Whitney U-test for 
non-parametric data (SPSS statistical software package 
[version 19.0]). Differences were considered statistically 

significant at p ≤ 0.05.
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fixed in formaldehyde and paraffin embedded; the other half was 
placed in optimal cutting temperature compound (Tissue-Tek, 
Sakura, 4583) and snap frozen in 2-methylbutane cooled with 
liquid nitrogen. The corresponding part of the left side of the 
diaphragm was resected to serve as control tissue and was pro-
cessed likewise.

Immunohistological analysis. Paraffin embedded specimens 
were sectioned (5 μm) such as to include edge and center of the 
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